Offshore substructures have been developed to support structures against complex offshore environments. The load at offshore substructures is dominated by waves, and deformation of waves caused by interactions with the current is an important phenomena. Wave load simulation of fixed offshore substructures in waves with the presence of uniform current was carried out by numerical wave tank technique using the commercial software, FLUENT. The continuity and NaviereStokes equations were applied as the governing equations for incompressible fluid motion, and numerical wavemaker was employed to reproduce offshore wave environment. Convergence test against grids number was carried out to investigate grid dependency and optimized conditions for numerical wave generation were derived including investigation of the damping effect against length of the damping domain. Numerical simulation of wave and current interactions with fixed offshore substructure was carried out by computational fluid dynamics, and comparison with other experiments and simulations results was conducted.
Introduction
Various types of offshore structures are under development for different purposes, such as oil and gas exploration in addition to ship type design development. For example, floating or fixed type offshore structures for the berthing of large tankers, liquefied natural gas carriers, etc., and also for storage of oil and gas, airport and offshore wind turbine, etc. have been developed to fit with the intended purposes. Offshore structures are installed and operated at specific locations, where complex offshore environments, such as waves, currents and wind, exist. Wave is one of the dominant parameters for the design of structures in offshore environments and an estimation of the wave loads is the design parameter most considered. In this respect, extensive studies have been carried out using numerical analysis techniques (Dommermuth and Yue, 1987; Issacson and Cheung, 1992; Beck, 1994; Wu, 1994; Celebi et al., 1998; Park et al., 2003) . For the simulation of actual offshore wave environments, physical wave tanks have been used for associated experiments but there are limitations due to the cost, space and measurement, especially for experiments with the consideration of various offshore environmental interactions by waves, currents, wind, etc. For this reason, a numerical simulation technique has been developed to cope with the known limitations and simulate non-linear motion with large amplitude including the interaction of offshore structures and environment. Computational Fluid Dynamics by a non-linear NaviereStokes equation requires large calculation time and it is not fully applicable to physical phenomena. However, it shows a reasonable calculation result against non-linear complex mechanical problems and fluid phenomena, which is dominated by viscosity effects. Numerical wave tank technique have been developed by calculating the time integration with the NaviereStokes equation as the governing equation regarding fluid motion with a free surface through the reproduction of numerical waves, currents and wave damping with given boundary condition of a non-linear free surface. Our research group (Park et al., 1993 (Park et al., , 1999 (Park et al., , 2001 (Park et al., , 2003 (Park et al., , 2004 ) developed a numerical wave tank technique for the purpose of motion simulation regarding offshore structures in offshore environments, especially to derive the optimal grid size and number against the simulation time of regular wave for an evaluation of the characteristics and accuracy with respect to a numerical wave simulation. In other studies, numerical simulation of wave run-up around a circular column in regular waves was carried out (Yang et al., 2015) and hydrodynamic analysis of a surfacepiercing body with an open chamber using 2D fully non-linear numerical wave tank was performed (Uzair and Koo, 2012) for numerical simulations of structures in offshore environments. For research into wave and current interactions and for load analysis, a fully nonlinear wave and current interaction was studied using a BEM-based numerical wave tank (Ryu and Kim, 2002) , and nonlinear wave and current loads analysis of offshore wind turbine (Chen et al., 2014) were also carried out. In this study, commercial software, FLUENT ver. 13, was used to investigate the fluid field to derive the loads of wave and wave interaction with a current for offshore substructures in a viscous numerical wave tank. Continuity equation and NaviereStokes equations were applied as the governing equation for the numerical simulation of an incompressible fluid. The numerical simulations for the reproduction of a regular wave, investigation of the damping effect and grid convergence test were carried out to evaluate the feasibility of the numerical wave tank technique. In addition, a numerical simulation of a wave and wave in a uniform current interaction with a fixed offshore substructure was conducted by computational fluid dynamics to investigate the fluid force in a numerical wave tank together with a comparison of the results from the simulations and experiments of the wave loads.
Numerical simulation

Governing equation and calculation algorithm
Continuous equation and NaviereStokes equation were applied as the governing equation of an incompressible flow as follows:
where u is the velocity vector, r is the density, t is the time, x is the coordinate, p is the pressure, n is the kinetic viscosity, Àu i u i is the turbulent stress and g is the acceleration due to gravity. (Hirt and Nichols, 1981) with the implicit High Resolution Interface Capturing (HRIC) was employed for the implementation of a free surface condition considering the stability and accuracy of the numerical simulation.
Boundary conditions
The no-slip condition was imposed on the bottom boundary of numerical wave tank and the inflow boundary condition was given as the numerical wavemaker which was set in User Defined File (UDF). For the outflow and top boundary of the computational domain, the Neumann condition was applied. A numerical wavemaker was set to reproduce numerical wave at the inflow boundary by giving the velocity of numerical wavemaker. To generate numerical waves by the given corresponding velocity distribution, the boundary condition can be expressed as Eq. (3),
where T is the wave period and u is the angular frequency.
3. Numerical simulation for regular wave generation
Simulation condition
To investigate the characteristics and accuracy of the numerical wave generation technique, a simulation of regular wave generation was carried out. Fig. 1 presents a sketch of the numerical wave tank for regular wave generation, in which the computational domain (L c ) is set to five (5) times the wave length and the damping domain (L D ) is set to ten (10) times the wave length. The grid damping technique and numerical damping scheme, which were suggested by Park et al. (1999 Park et al. ( , 2001 , was adopted to minimize the wave reflection in the damping domain for a numerical simulation.
For the conditions of the simulation, the depth of the numerical wave tanks was d ¼ 2 m, the wave period was T ¼ 1.41 s, the wave length was L ¼ 3 m, the wave height was H ¼ 2A ¼ 0.1 m, and the wave steepness was H/L ¼ 1/30. In the case of the grid size, it was divided according to the conditions suggested Park et al. (2004) as N x ¼ 30~60 for the wave length, N z ¼ 10~40 for the wave height and N t ¼ 1000 for the wave period. The total number of grids for the simulation was 20,000~30,000 but the number of grids for the damping domain in the x-direction was maintained as 80. In addition, 5T in the initial stage of the simulation was set as the acceleration period of numerical simulation. Fig. 2 shows the time series of the wave elevation, which was generated by the numerical wavemaker. The wave elevation was measured at the position, two (2) times the wave length from the wavemaker, five (5) times the wave length from the wavemaker where the damping domain is started, and at the end of the damping domain. The regular waves were completely generated just after 5T, when the acceleration is finished. After 10T, regular waves were observed as stable and an identical pattern of generated waves was maintained. On the other hand, when the length of the damping domain is relatively smaller than the other cases, such as L D ¼ 3L, the measured wave elevation decreased from approximately t ¼ 12T and was attributed to the wave reflection effect in the computational domain because the wave energy at the end of the damping domain is not dissipated completely and reflected in the computational domain. This reflection effect became extinct when the length of the damping domain was increased to L D ¼ 5L and L D ¼ 10L. Based on the aforementioned observation, the length of the damping domain should be no less than L D ¼ 10L to minimize the wave reflection effect in the computational domain.
Damping effect against length of damping domain
Grid convergence tests
Grid convergence tests were carried out to simulate the numerical wave generation for simulations conditions as summarized in Tables 1 and 2 . Fig. 3 shows results of the wave elevation when N x and N z are varied. The wave elevations were measured at x ¼ 1L and 2L from the numerical wavemaker and it was nondimensionalized by the time-averaged wave elevation when the maximum number of grids was used. The simulation was carried out with 30 grids for the wave height and 50 grids for the wave length.
Reproduction of the non-linear wave profiles by numerical wavemaker
To validate the nonlinear wave profiles generated by the numerical wavemaker, a comparison of the wave elevation on a period was made using the 1st-order Airy and 2nd-order Stokes wave, as shown on Fig. 4 . The present simulation conditions for the wave was in the range of the 2nd-order Stokes wave and simulation result shows that the generated wave profile from numerical wavemaker was close to the 2nd-order Stokes wave. In a quantitative respect, the wave elevation was 1.85% larger than the 2nd-order Stokes wave at the wave crest where maximum deviation occurred.
Numerical simulation for wave generation in wave and current interaction
Numerical wave generation in wave and current interaction
A numerical wave tank simulation was carried out to validate the numerical wave generation technique in the offshore current. Fig. 5 presents a conceptual sketch of numerical wave generation in a current.
A numerical wavemaker was applied at the inflow boundary of computational domain and the current velocity was applied at the numerical wavemaker to simulate wave propagation in an offshore current. A linear equation, which was set as UDF (User Defined Function), was assigned for a numerical wavemaker but tangential component of current was not considered.
When the current is not considered, the displacement of the free surface and velocity potential equation is as follows:
The velocity potential can be expressed as Eq. (6) with the assumption that the current is uniform for the entire depth of the numerical wave tank and collinear with wave propagation.
In Eq. (6), U denotes the current velocity, H is the wave height, k is the wave number, h is the water depth, u is the frequency, and A ¼ gH 2u cosh kh . The velocity potential has periodicity against time and space and to be satisfied with the linearized Dynamic Free Surface Boundary Condition (DFSBC) and Kinematic Free Surface Boundary Condition (KFSBC) including consideration of the flow field. Table 2 Simulation condition of the grid convergence tests for N z . For the dynamic boundary condition to describe the pressure distribution in the boundary of computational domain, boundary condition can be denoted as the Bernoulli equation with the assumption that pressure p h is consistent at the free surface z ¼ h(x,t). The dynamic boundary condition, which is applied at the free surface by Bernoulli equation is as follows:
In the above Eq. (7), p h is a constant and regarded as the pressure at the gauge assuming p h ¼ 0.
A water particle for the horizontal direction is described as.
where Ak is the velocity component of the wave for the horizontal direction and is assumed to be small and (Ak) 2 can be considered negligible. Therefore, the linearized Bernoulli equation, which is derived by z ¼ 0, is shown below
For the determination of a constant C(t), if both sides of the terms in Eq. (11) are averaged as a function of space, the average of space is 0 for h(x,t) and it is determined to be C(t) ¼ U 2 /2g. Furthermore, the free surface displacement is defined as Eq. (6), and a constant A against amplitude with the consideration of current can be described as follows:
The boundaries must be satisfied by the velocity of a water particle with the predetermined physical conditions and the condition of water particle movement is denoted as the kinematic boundary condition. This means that the flow cannot penetrate any boundary and zÀh(x,t) ¼ 0 at an arbitrary moment in the boundary. If the kinematic boundary condition is deployed at the free surface, it can be described as follows:
If it is arranged by the linear terms of Eq. (13), it can be described as Eq. (14) as follows:
If h and f are substituted into Eq. (14), the dispersion relation equation with a uniform current velocity (U ) can be obtained as follows.
In Eq. (16), the second term on the right side is the dispersion relation equation, i.e., the absolute frequency, when current is not exist. Therefore, u e ¼ uÀkU is the relation for the absolute frequency (u) and the encounter frequency (u e ). Table 3 lists the wave parameters with and without a current. Fig. 5 . Sketch of numerical wave generation in a current. Table 3 Comparison of the wave parameter with and without current.
Reproduction of wave and current interaction Fig. 6 shows the time history of the wave heights about a wave and a wave with current simulation results against time and current velocity as F n ¼ U= ffiffiffiffiffi gd p ¼ 0.05 and 0.1. The wave period and height increased when the wave and current are collinear and the increment range is larger in accordance with the increase in current velocity. Fig. 7(a) shows the wave height at different F n , which is nondimensionalized by a single period, and the wave height at the crest is larger when the current velocity is increased. In Fig. 7(b) , the blue line is the wave steepness against F n which is nondimensionalized by a single period and red line is the result without nondimensionalization. As it is for cases where the wave heights are constant but the wave length is varied, the relative wave steepness without nondimensionalization is decreased with increasing F n .
5. Numerical simulation of the loads for the wave and wave with a current at an offshore structure A numerical simulation was carried out to investigate the wave loads that affect a cylinder type fixed offshore substructure. To verify the feasibility of the numerical simulation result against an offshore wave environment, the simulation results were compared with the experiment result reported by Chakrabarti and Tam (1975) and the Morison equation (Morison et al., 1950) . The Morison equation is the most widely used equation for calculating the wave loads in offshore substructures and consists of drag and inertial force, as represented in Eq. (17).
In the equation above, D is the diameter of the structure, C D is the drag coefficient, C M is the inertia coefficient and C D and C M is based on the Keulegan-Carpenter number. u c denotes the velocity component for the normal direction of the structure and u c ' is the acceleration. If the current is included in the acceleration, it can be presented as u c ¼ u þ U. Fig. 8 and Table 4 presents a sketch of a numerical wave tank and the condition of wave environment, respectively. The depth of the numerical wave tank is 1.2 m and the ratio of the depth and diameter of cylinder is d/r ¼ 1.16. A numerical simulation was carried out for a period range as 1.5~3.0 s with four (4) different levels of wave steepness and a current velocity of F n ¼ 0.1. The condition of the numerical wavemaker and damping domain was assigned in the computational domain and the domain was five (5) times the longest wave length and OeH type grids system was applied with a total number of grids as approximately 1.2 mil. The computation time was approximately 12 h with the specification of the computer as Intel Xenon E5-2630 for the period of a wave, and it is anticipated that the computation time of a simulation against an offshore structure with multiple legs is approximately 24 h for a period of the wave due to the complexity of the fluid behavior around the offshore structure and the increased number of grids. Fig. 9 shows the simulation results of wave loads in the xdirection (F Dmax ) against the wave number, which has effects in the direction of the incident wave. The wave number and wave loads in the x-direction were nondimentionalized by k 0 r and F Dmax ¼ F max /rgr 2 A, respectively. In this equation, r denotes the radius of a cylinder and A is the frequency of the incident wave. In the simulation results, the wave loads in the x-direction were a maximum with a wave number of 1 and was conversed to 1 in the short period region, regardless of whether the wave number is larger. The result of the simulation was close to the experiment result but showed a deviation in the long period, where the wave number was relatively small. In this regard, an investigation and improvement is necessary against various aspects, such as performance of numerical wave damper against long period wave, etc. in the future. For a comparison in a quantitative manner, Table 5 lists the results of horizontal wave loads in the x-direction in the wave and the wave with a current conditions.
In the case of bottom fixed offshore substructure, the moment at the center of bottom surface is one of the important design parameters. Therefore, the maximum moment at the center of the bottom surface for offshore substructure was probed and compared with the other experiment in Fig. 10 , and relevant values are also summarized and compared in Table 6 . Fig. 11 shows the horizontal wave load that effects the offshore substructure as a function of time. The results of the wave loads in the x-direction in wave and wave with current conditions were compared with the Morison equation, as shown in Fig. 11(a) and (b) respectively. The wave loads in the x-direction were extracted from 14 to 22 s simulation time and the periods and wave loads in the x-direction of the simulation corresponded to the Morison equation. Fig. 11(c) compares the wave loads in the x-direction of the offshore substructure in the wave and the wave with a current conditions as a function of time. The solid line denotes the condition of the wave only and the dotted line is for the wave with a current. The simulation time was 14T and the acceleration time was 2.5T in the initial stage of the simulation. The wave loads in the x-direction was increased with increasing period and wave height in the wave with a current conditions than the wave only conditions. If the wave or current are considered separately, the wave loads in the x-direction would be 4.12 (N/m) and 0.08 (N/m) respectively, and 86% and 1.7% of total load in the Fig. 6 . Time history of the wave elevation for regular wave w/ and w/o current.
x-direction for the wave with a current condition. Based on the aforementioned comparison of the wave load in the x-direction, the wave load in the wave with a current condition is larger than the linear combination of the loads in x-direction of each wave or current condition. This was attributed to the nonlinearity effect, which is caused by wave deformation in the wave and current interaction. Fig. 12 shows the results of spectral analysis of the wave profile, wave loads in the x-direction and moment, which are nondimensionalized by f/f p , where f denotes the frequency and f p is the peak frequency for wave generation. Fig. 12(a) shows the results of spectral analysis of the free surface wave form (S h ), which is the measured wave height at 1L apart from the numerical wavemaker as a function of time and nondimensionalized by S h /S h max . Fig. 12 (b)~(d) present the results of spectral analysis of the wave loads in the x-direction (S fD ), a comparison of the wave simulation result with those obtained from the Morison equation and spectral analysis of moment (S M ) under the wave and wave with a current condition. The wave loads in the x-direction are larger in the wave with a current condition, and 2nd order components were obtained by spectral analysis. This is also attributed to the nonlinearity, which is caused by wave deformation in the wave with a current condition. In the numerical simulation, it was experienced that the application of an effective damping scheme and domain is important, especially for the simulation against a large wave length. In addition, the sensitivity of the grid system, where complex fluid behavior is expected, such as the free surface, in way of an offshore structure, etc. shall be taken into consideration.
Conclusion
In this study, validation of the feasibility of a numerical wave generation technique was investigated and a simulation of a regular wave environment was carried out. The optimized numerical simulation condition of the damping domain to minimize wave reflection effect was also derived. The convergence test against the grid number was carried out for grids dependence analysis and optimized condition for numerical wave generation was derived. As a result, the feasibility of a viscous numerical wave tank technique was ascertained and it is expected that this will be applicable for computation of the fluid force and large amplitude motion simulation of an offshore substructure, which is relatively dominated by the viscosity effect. A numerical simulation for calculating the wave loads that affect offshore substructures under the wave and current interaction conditions were carried out. Initially, to reproduce a regular wave with a current conditions, a simulation of a wave considering the current velocity was carried out using a numerical wavemaker. When the wave and current are collinear, the wave period and height and the margin of increase are increased in accordance with the current velocity. The feasibility of the numerical simulation was investigated by a comparison of the wave loads with the experimental results reported by Chakrabarti and Tam (1975) and the Morison equation. Based on the wave and current load simulation in this study, the wave load in the wave with a current condition was larger than a linear combination of wave and current loads in the x-direction. This was attributed to the non-linearity effect, which is caused by wave deformation in a wave with a current interaction. A numerical simulation for actual offshore structures such as jacket type, etc., where complex flow interactions are expected due to multiple legs with appurtenance, will be necessary. In addition, a numerical simulation considering the Vortex Induced Motion (VIM) and Vortex Induced Vibration (VIV) are suggested for the reproduction and investigation of the flow phenomenon around an offshore structure.
